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 1 
Introduction 1 
Pre-operative flexibility assessment is an important part of the surgical planning process for 2 
scoliosis correction11,30,36. The flexibility of the scoliotic curve directly influences the 3 
selection of levels to be fused as well as indicating the degree of surgical correction that 4 
may be expected. Traditionally, flexibility has been assessed by active side-bending 5 
radiographs with the patient either supine or standing9.  More recently push prone16 and 6 
fulcrum bending radiographs5 have been proposed. 7 
 8 
The fulcrum bending radiograph (Figure 1) has the advantage of not requiring voluntary 9 
muscle activation by the patient, and has been shown to be highly predictive of curve 10 
correction obtained in posterior scoliosis surgery6. In this technique, the fulcrum flexibility 11 
(FF) is defined as the percentage reduction in Cobb angle on the fulcrum compared to the 12 
pre-operative Cobb angle of the scoliotic curve♦. The fulcrum flexibility can then be 13 
compared to the actual surgical correction achieved via the fulcrum bending correction 14 
index (FBCI), which is the ratio of fulcrum flexibility to surgical correction achieved. 15 
Although predictive of posterior surgical correction, Cheung and Luk5 have questioned the 16 
suitability of the fulcrum bending radiograph for anterior surgery due to the change in spinal 17 
flexibility following discectomy.  18 
 19 
In the context of the fulcrum bending radiograph, scoliotic curves can be defined as either 20 
‘stiff’ (fulcrum flexibility <50%) or ‘flexible’ (fulcrum flexibility >50%)22. The use of these 21 
terms is informal however, as it is not currently known which anatomical features or soft 22 
tissue mechanical properties are responsible for imparting the scoliotic curve ‘stiffness’ or 23 
‘flexibility’ which is measured in a clinical flexibility assessment. In particular, the extent to 24 
                                               
♦
 Note that the use of the term ‘fulcrum flexibility’ to describe the amount of correction of a scoliotic curve in 
a fulcrum bend test should not be confused with the term ‘flexibility’ which is defined as the inverse of 
stiffness (deformation per unit force) in a mechanical sense.  
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which the major passive soft tissue structures of the spine – the intervertebral discs and 25 
ligaments – govern scoliotic curve flexibility is unknown.  26 
 27 
Accordingly, the aim of this biomechanical study was to explore how the intervertebral disc 28 
and spinal ligaments affect flexibility in the fulcrum bending test. To this end, we developed 29 
a three dimensional finite element computer model of the thoracolumbar spine and ribcage 30 
of an adolescent idiopathic scoliosis patient, and modelled spinal response to the fulcrum 31 
bending test using a range of soft tissue stiffness, including a simulated discectomy. 32 
 33 
Materials and Methods 34 
A three dimensional finite element (FE) model of a scoliotic thoracolumbar spine and 35 
ribcage with a primary right thoracic curve was generated. The anatomy for this model was 36 
derived using CT data for a 14 year old female adolescent idiopathic scoliosis (AIS) patient 37 
(weight 65kg, height 165cm, Lenke class 1A, major Cobb angle 44o) at the Mater Children’s 38 
Hospital, Brisbane, Australia. The patient received a low-dose pre-operative CT scan for 39 
surgical planning purposes prior to endoscopic anterior scoliosis surgery14. 40 
 41 
FE model geometry 42 
Our technique for deriving patient-specific finite element spine models from CT scan data 43 
has been previously described for the lumbar spine20 so will be explained here in brief, with 44 
additional detail on deriving data for the ribcage. After importing the CT dataset (supine) 45 
into custom image processing software (Matlab v7.0.1, The Mathworks, Natick, MA), the 46 
osseous anatomy was thresholded and key bony landmarks selected manually by the user. 47 
These bony landmarks were used to generate meshed parametric representations of the 48 
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vertebrae, ribs and sternum, again using custom software (Python 2.4.3). The resulting 49 
three-dimensional FE model of the scoliotic spine and ribcage is shown in Figure 2a. 50 
 51 
The parametric description for the transverse profile of each vertebral endplate was 52 
described using elliptical and cubic equations with C1 continuity21.  Geometry for the 53 
vertebral bodies was extrapolated from their endplates, taking into account the concavity of 54 
the vertebral cortex when viewed in the sagittal and coronal planes.  Similarly, geometry for 55 
the intervertebral discs was derived by extrapolating the transverse profiles for the adjacent 56 
vertebral endplates. The posterior bony elements (transverse processes, spinous processes, 57 
laminae, pedicles) were represented as quasi-rigid beams, with the exception of the surfaces 58 
of the zygapophyseal joints.  The profile for these was represented using a sinusoidal 59 
parametric equation based on user selected points defining the curvature of each face.  The 60 
zygapophyseal joint faces themselves were simulated as contacting surfaces.  The upper and 61 
lower edges of each rib were separately defined using 5th order polynomials, derived from 62 
user selected points along these edges. The interconnected sternum and manubrium were 63 
simulated as planar surfaces and the costal cartilage for thoracic levels T1 to T7 (ie 64 
excluding the false ribs) were defined as planar surfaces, with a linear connection between 65 
the medial rib and the manubrium/sternum (Figure 2b).  66 
 67 
At each spinal level, the anterior longitudinal ligament, posterior longitudinal ligament, 68 
ligamentum flavum, inter/supra-spinous ligaments, inter-transverse ligament and capsular 69 
ligaments were simulated as linear connector elements between the bony attachment points 70 
on adjacent vertebrae. No ligament wrapping was simulated. Similarly, the costotransverse 71 
joint was represented as a linear, kinematic constraint between the tip of the transverse 72 
processes and the region of adjacent rib in closest proximity. The costovertebral joints were 73 
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represented as linear connections between the supero-posterolateral edge of the vertebra and 74 
the lateral end of the rib.  75 
 76 
FE meshing and tissue material properties 77 
The finite element mesh was analysed using Abaqus 6.6.1 (Simulia, Providence, RI). Using 78 
the custom pre-processor, it was possible to control mesh density in each of the model 79 
structures, in order to optimise solution time and model accuracy. 80 
 81 
The vertebral cortical shells and zygapophyseal joint faces, as well as the ribs and sternum 82 
were simulated using four node, three-dimensional shell elements with linear elastic 83 
material properties representing cortical and costal bone, respectively15.  The trabecular core 84 
in the vertebrae were meshed using eight node, hexahedral continuum elements, also with 85 
linear elastic material properties15. The costal cartilage was modelled as a linear elastic 86 
material using four node, three-dimensional shell elements15.  Quasi-rigid beam elements 87 
simulated the posterior connection between the vertebrae and the medial transverse 88 
processes (pedicles) and from the medial transverse process to the medial spinous process 89 
(laminae)2,18. Similarly, quasi-rigid beams simulated the transverse processes, spinous 90 
processes and articular processes. Full details of the material parameters and mesh 91 
characteristics used in the model are given in Table 115,17,25,26,28,31,33. 92 
 93 
All seven ligaments were represented as nonlinear elastic materials using tension-only 94 
connector elements or springs. The nonlinear stiffness for each ligament was derived from 95 
Nolte et al.28 and Rohlmann et al. 31 using data for the individual ligament lengths.  The 96 
capsular ligament was idealized as a single connection between the centres of the adjacent 97 
zygapophyseal joint faces. A finite-sliding, frictionless contact relationship simulated the 98 
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tangential interaction between the adjacent zygapophyseal joint surfaces, with a softened 99 
contact versus distance algorithm for normal contact.  An initial separation distance of 100 
0.8mm was defined between the z-joint surfaces and they were permitted to transmit only 101 
compressive forces. To simulate the costal connections to the vertebral column, rigid axial 102 
connector elements represented the costotransverse joint2 and nonlinear, elastic axial 103 
connectors were used to idealize the costovertebral joint2. 104 
 105 
Following investigation of the pore-fluid characteristics of articular cartilage, Higginson et 106 
al.13 concluded that for physiological loading rates, fluid outflow from the cartilage was of 107 
minimal importance to the matrix strains.  As such, a hyperelastic material model19, with 108 
parameters based on data from Natali and Meroi26, was utilized in the current study to 109 
simulate the anulus fibrosus ground matrix. This material model captured the nonlinear, 110 
incompressible behaviour of the tissue under loading rates for which long term creep in the 111 
matrix is not evident.  Three-dimensional, eight node continuum elements simulated the disc 112 
ground matrix. Tension-only, linear elastic link elements (linked connections between the 113 
adjacent vertebrae) were embedded within these continuum elements at alternating angles, 114 
to simulate the lamellar structure of the collagen fibres within the disc.  Initial stiffness 115 
values for these elements were assigned from existing literature17,33 (Table 1). The nucleus 116 
pulposus was represented as an incompressible fluid25. 117 
 118 
Loading and boundary conditions 119 
A physiological load case simulating lateral bending of the torso over the fulcrum under 120 
gravitational (body weight) loading was applied to the model (Figure 3). As such, segmental 121 
torso weights for each vertebral level were derived from the CT data using a custom-122 
developed user interface (Matlab v7.0.1) and applied using a single load vector at the 123 
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centroids of the transverse CT slices corresponding to each vertebral level. Each segmental 124 
torso weight was calculated using an average density of 1.04 x 10-3 g.mm-3 for human 125 
tissue3 10,27 and equated to a total torso weight of 8.5kg applied laterally to the model. The 126 
centroids were calculated as the area centroid of the reslice plane through the caudo-127 
cephalic centroid of each vertebral level.  The inferior surface of the fifth lumbar vertebra 128 
was rigidly constrained. 129 
 130 
The fulcrum bolster was represented as a cylinder 90 mm in diameter (Figure 3), with a 131 
‘softened’ contact relationship between the ribs and the bolster surface to simulate the 132 
gradual increase in contact pressure which physically occurs as the foam covering on the 133 
bolster compresses and the ribs come into contact with the underlying rigid bolster material. 134 
The ribs were free to slide on the bolster.  The loading conditions on the spine were 135 
simulated using three successive steps; the first step introduced a hydrostatic pressure25 into 136 
the nucleus (0.25MPa 23); the second applied the segmental torso weights; the third moved 137 
the bolster into the spine from the convex side of the thoracic curve, such that the rib 138 
attached to the apex of the curve was the first to come into contact with the bolster surface 139 
(according to the protocol described by Cheung and Luk5). 140 
 141 
Variation of soft tissue stiffness and discectomy simulation 142 
To investigate the effect of disc and ligament stiffness on fulcrum flexibility, the initial 143 
stiffness for these structures (as derived from literature and described earlier) was varied 144 
using seven separate computational analyses of the fulcrum bending load case (Table 2).  145 
Previous studies have shown the collagen fibres to be of primary importance in governing 146 
the mechanical behaviour of the intervertebral disc1,6.  Therefore, the collagen fibre stiffness 147 
was reduced to investigate the extent to which soft tissue stiffness could alter the fulcrum 148 
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flexibility of a ‘stiff’ scoliotic curve (Note that the clinically measured fulcrum flexibility 149 
was FF= 40% for the patient on which the model was based). The collagen fibre elastic 150 
modulus in the annulus fibrosus of each intervertebral disc was therefore reduced by 10%, 151 
25% and 40% in three separate analyses, while keeping all other model properties the same.  152 
Similarly, to investigate the contribution of the spinal ligaments, all nonlinear stiffnesses for 153 
the ligaments were reduced by 10%, 25% and 40% in three separate analyses, while all 154 
other model properties remained the same. For clarity, the initial model (with disc and 155 
ligament properties from existing literature) will hereafter be referred to as Initial, and the 156 
models with reduced disc and ligament tissue stiffness will be referred to as Disc90%, 157 
Disc75%, Disc60%, Lig90%, Lig75% and Lig60%. 158 
 159 
To investigate the change in spinal flexibility following discectomy, another analysis was 160 
carried out where the intervertebral discs were removed from the finite element model at 161 
thoracic levels T5 to T12. At each level, a small (1/6 of the original annulus) region of 162 
residual annulus was left on the concave side of the scoliotic curve to represent the 163 
incomplete disc removal which occurs surgically. The ALL and PLL were also removed at 164 
the simulated discectomy levels. A numerical contact interaction between opposing 165 
vertebral endplates at each discectomy site was defined using a Coulomb friction 166 
relationship (µ=0.3).  This analysis represented the case where both the disc fibres and 167 
ground matrix were removed from the spinal joints, as though the stiffness defining them 168 
were set to zero. This analysis will hereafter be referred to as Discectomy. 169 
 170 
The FE models were analysed on an SGI Origin 3000 supercomputer (60 processors, 30GB 171 
RAM) using Abaqus 6.6.1. The quasi-static analyses were solved using a large strain, non-172 
linear geometry solver with automatic time incrementation. 173 
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 174 
An investigation of lumbar spine kinematics using an FE model developed using the same 175 
custom tools as in the present study has previously been published20.  This study provided 176 
confidence in the ability of the model to reproduce physiological lumbar kinematics.  177 
However, to assess the ability of the current model to reproduce thoracic spine and ribcage 178 
mechanics, the predicted Cobb angle of the FE model (Figure 4), once positioned over the 179 
bolster with the patients’ body weight loading applied, was compared with the clinically 180 
measured fulcrum bending Cobb angle for this patient. (Note that the predicted Cobb angle 181 
was calculated as the Cobb angle measured from the deformed FE model plus 9o, which is 182 
the average difference in Cobb angle between standing and supine 32).  Additionally, as a 183 
qualitative assessment of the models’ ability to predict physiological deformations, the 184 
deformed model geometry was compared visually with the patients’ fulcrum bending 185 
radiograph, by overlaying the two to check whether they had the same shape in the coronal 186 
plane.  187 
 188 
Following these model validation checks, predicted segmental rotations were calculated for 189 
the eight FE models. Differences in rotations between the models with reduced soft tissue 190 
stiffness and the Initial model were calculated to determine the effect of intervertebral disc 191 
and ligament tissue properties on fulcrum flexibility in the scoliotic spine. Additionally, FF 192 
was calculated for all models as the percentage reduction from the clinically measured Cobb 193 
angle (44o) to the simulated fulcrum bending Cobb angle. 194 
 195 
Results 196 
Model validation 197 
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The deformed geometry (Figure 4a) for the Initial model was visually similar to the 198 
patients’ clinical fulcrum bending radiograph (Figure 4b). The Cobb angle for the Initial 199 
model under simulated fulcrum bending (measured between the vertebral endplates 200 
identified clinically as the limits of the primary thoracic curve) was 27o.  The Cobb angle 201 
measured by an experienced clinician using the patient’s fulcrum bending radiograph, was 202 
26o. The 1º difference between model and clinical fulcrum bending Cobb angle is within the 203 
accepted 5º range in clinical Cobb measurements due to observer variability. 204 
 205 
Effect of tissue properties on fulcrum flexibility 206 
Figure 5 shows the percentage change in coronal plane (ie lateral bending) rotation for each 207 
motion segment relative to the Initial model, in each of the six cases for which soft tissue 208 
stiffness was reduced. Maximum vertebral rotations in the Initial model during the fulcrum 209 
bending simulation ranged from 0.032o to 13.6o in right lateral bending. As Figure 5 shows, 210 
reducing the disc collagen fibre stiffness had a more substantial effect on intersegmental 211 
rotations than reducing that of the ligaments. However, these small increases in 212 
intersegmental rotation had little effect on the scoliotic curve fulcrum flexibility, as shown 213 
in Figure 6. Fulcrum flexibility increased slightly with decreasing ligament stiffness – 40% 214 
reduction in ligament stiffness resulted in 0.2% increase in FF.  Similarly, FF increased 215 
marginally with a decreased collagen fibre stiffness – 40% reduction in fibre stiffness 216 
resulted in a 1.2% increase in FF.  By contrast, the Discectomy model demonstrated a large 217 
increase in FF to 119.6%, which is an 80.4% increase compared to the Initial model. 218 
 219 
Vertebral rotations in other planes 220 
During the fulcrum bending simulation, the model also predicted accompanying vertebral 221 
rotations in both the sagittal and axial planes, however as expected these were much smaller 222 
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than the coronal plane rotations. Maximum out-of-plane rotations in the Initial model 223 
ranged from 0.006o in flexion to 1.2o in extension; and from 0.5o in left axial rotation to 224 
0.34o in right axial rotation.  225 
 226 
Discussion 227 
This study sought to investigate the contribution of intervertebral disc and spinal ligament 228 
tissue properties to flexibility in the scoliotic spine, as measured using the fulcrum bending 229 
test. To this end, an FE model of a full thoracolumbar spine with ribcage was developed, 230 
including all osseo-ligamentous and cartilaginous spinal anatomy, and based on the anatomy 231 
of a 14 year old female AIS patient with a right thoracic ‘stiff’ (FF<50%) primary curve. 232 
Physiological loading conditions were simulated in the model, to reproduce the gravitational 233 
body weight forces on the spine when the patient lies on their side over the fulcrum. 234 
 235 
Validation of finite element models is an important aspect of any computational study. In 236 
this work, the demonstrated agreement between the model predictions and clinically 237 
measured fulcrum flexibility provided confidence in the ability of the model to represent the 238 
biomechanics of the osseoligamentous spine and ribcage for the load case examined. 239 
Furthermore, a previous study of the lumbar spine using the same modelling methodology 240 
demonstrated the ability of the model to reproduce physiological kinematics and intra-discal 241 
pressures20. 242 
 243 
While the model presented in this study does not include any muscle loading, we believe 244 
this assumption is appropriate for the fulcrum bending load case. This approach is supported 245 
by the stated clinical utility of the fulcrum bending radiograph in allowing reproducible 246 
results even for patients who are unable to comply with instructions involving voluntary 247 
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muscle activation5. However, it is not possible to ensure that patients performing the 248 
fulcrum bend test are completely relaxed, and if a particular patient chooses to activate their 249 
trunk muscles during the test, the fulcrum flexibility obtained would be affected, which 250 
would in turn have an adverse effect on the predictive ability of the current model. 251 
 252 
The Initial model was analysed using material parameters based on experimental data from 253 
existing literature, which are exclusively gathered for adult spinal tissues15,17,25,26,28,31,33. 254 
Clearly, experimentally determined material properties for paediatric spinal tissues would be 255 
more ideal for a biomechanical analysis of scoliotic deformities, however such data is not 256 
available in the literature. Even so, by utilising the ability of computational models to 257 
investigate the specific effect of a particular model input (in this case disc and ligament 258 
material properties), this study provides an improved understanding of the role of disc and 259 
ligament tissue properties in governing scoliotic curve flexibility.  Previous modelling 260 
studies7,8,18,29,35 have successfully derived patient-specific mechanical properties for the 261 
scoliotic spine by representing each motion segment using a matrix of stiffness coefficients 262 
(one for each degree of freedom). While this ‘lumped parameter’ approach provides a 263 
valuable tool for patient-specific simulation of overall spine biomechanics, the question 264 
being investigated in this study (the effect of individual soft tissue structures on fulcrum 265 
flexibility) required a model in which the stiffness of individual disc and ligament tissues 266 
could be separately controlled. 267 
 268 
Using patient data for a “stiff” scoliotic curve, we attempted to alter the flexibility of the 269 
spine by reducing the soft tissue (ligament and disc collagen fibre) stiffness. There is little 270 
information available in the literature comparing the stiffness of normal and scoliotic soft 271 
tissues, however AIS patients are reported to demonstrate increased joint flexibility and 272 
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laxity3,24. We note that this flexibility/laxity could be influenced by either the joint anatomy 273 
or the stiffness of the soft tissues spanning the joints, or a combination of both. While some 274 
previous researchers have chosen to increase the stiffness of scoliotic tissues34, we felt it 275 
reasonable to reflect the increased joint laxity in AIS patients by reducing soft tissue 276 
stiffness in the finite element model. 277 
 278 
Comparison of the resulting segmental rotations with the initial model suggested that the 279 
disc collagen fibre stiffness has a greater effect on spinal rotations in the coronal plane than 280 
that of the ligaments, which is in keeping with the findings of previous computational6 and 281 
experimental1 studies.  However, the increases in FF due to reduced soft tissue properties 282 
were too small to be of clinical significance (ranging between 0.1-1.2%). This result 283 
suggested that something other than the ligament and collagen fibre stiffness governed 284 
spinal flexibility, possibly the stiffness of the disc ground matrix or the anatomical features 285 
of the spinal column.  286 
 287 
The results of this study are relevant in the consideration of anterior surgical procedures 288 
which involve removal of the intervertebral discs. Cheh et al.4 commented that many factors 289 
could potentially contribute to the achievable intraoperative correction for AIS patients, 290 
including release of soft tissues. Cheung and Luk5 have suggested that the fulcrum bending 291 
radiograph is not suitable for predicting anterior surgical outcomes due to the modification 292 
of spine flexibility which occurs after discectomy.  The simulated discectomy result of the 293 
present study is in keeping with the opinions of these two authors, namely that removal of 294 
the bulk of the disc (including the ground matrix as well as the collagen fibres) is a critical 295 
determinant of spinal flexibility. Clinically, we speculate that ‘stiff’ scoliotic curves 296 
(fulcrum flexibility <50%) will benefit more from discectomy than ‘flexible’ (fulcrum 297 
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flexibility >50%) scoliotic curves, and this is confirmed by a recent clinical study from our 298 
group12 comparing the Fulcrum Bending Correction Index (FBCI) between ‘stiff’ scoliotic 299 
curves (FBCI=138% for stiff curves and 93% for flexible curves). 300 
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Figure Captions 307 
Figure 1. Photograph showing patient positioning for the fulcrum bending radiograph. 308 
Figure 2. (a) 3D Finite Element model of the full thoracolumbar spine and ribcage for a 309 
right thoracic scoliosis patient. (b) Levels T1 to T7, showing the sternum/manubrium and 310 
costal cartilage (shown in blue) in more detail. 311 
Figure 3. Anterior view of the 3D spine model positioned over the bolster, with body 312 
segment mass centroids visible and gravitational (body weight) loading arrows in red. 313 
Figure 4. Deformed model geometry (a) Showing full thoracolumbar spine and ribcage 314 
deformed over the bolster, (b) Showing spinal column only in the undeformed and deformed 315 
shape, overlaid on the respective clinical radiographs, with Cobb angle marked for the 316 
deformed geometry. 317 
Figure 5. Percentage changes in maximum segmental rotation between the Initial model 318 
and Disc90%, Disc75%, Disc60%, Lig90%, Lig75% and Lig60% for rotations in the 319 
coronal plane 320 
Figure 6. Comparison of Fulcrum Flexibility for all models. 321 
 322 
 323 
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Table 1. Details of material types, material parameters and element types for structures in 
the FE model. 
 
 




Cortical bone Linear elastic E = 11,300 
MPa 
ν = 0.2 
10 3D shell  
Trabecular bone Linear elastic E = 140 MPa 
ν = 0.2 




Linear elastic E = 9,860 
MPa 
ν = 0.3 
10 3D shell 
Costal cartilage Linear elastic E = 49 MPa 
ν = 0.4 





C10 = 0.7 
C01 = 0.2 
15 3D solid 
continuum  
Collagen fibres Linear elastic, 
tension-only 
E = 500 MPa 
ν = 0.3 
14,17 Link, tension-
only 
Nucleus pulposus Incompressible 
fluid 









16,18 Connector or 
spring 
 





Table 2. Soft tissue property variation details 
 
 . 
Analysis Name Collagen properties Ligament properties 
Initial Adult properties, from the 
literature 
Adult properties, from the 
literature 
Disc90% Collagen elastic modulus 
reduced by 10% 
Adult properties, from the 
literature 
Disc75% Collagen elastic modulus 
reduced by 25% 
Adult properties, from the 
literature 
Disc60% Collagen elastic modulus 
reduced by 40% 
Adult properties, from the 
literature 
Discectomy Intervertebral discs 
(collagen fibres and 
ground matrix) between 
T5 and T12 removed, 
except for laterally 
Adult properties, from the 
literature 
Lig90% Adult properties, from the 
literature 
All ligament properties 
reduced by 10% 
Lig75% Adult properties, from the 
literature 
All ligament properties 
reduced by 25% 
Lig60% Adult properties, from the 
literature 
All ligament properties 
reduced by 40% 
 
  
 
 
 
 
 
 
  
